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Cold-responsive adipocyte
progenitors couple adrenergic
signaling to immune cell
activation to promote beige
adipocyte accrual
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The full array of cold-responsive cell types within white
adipose tissue that drive thermogenic beige adipocyte bio-
genesis remains undefined. We demonstrate that acute
cold challenge elicits striking transcriptomic changes
specifically within DPP4+ PDGFRp+ adipocyte precursor
cells, including a p-adrenergic receptor CREB-mediated
induction in the expression of the prothermogenic
cytokine, I133. Doxycycline-inducible deletion of 1133 in
PDGFRp+ cells at the onset of cold exposure attenuates
ILC2 accumulation and beige adipocyte accrual. These
studies highlight the multifaceted roles for adipocyte pro-
genitors and the ability of select mesenchymal subpopula-
tions to relay neuronal signals to tissue-resident immune
cells in order to regulate tissue plasticity.
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The adaptation to cold environmental temperatures in-
volves remodeling of energy-storing white adipose tissue
(WAT) into a thermogenic energy-burning phenotype
reminiscent of brown adipose tissue (BAT) (Loncar
1991). This “browning” of WAT is classically defined by
the emergence of multilocular UCP1+ beige adipocytes,
which have the ability to increase energy expenditure
and improve nutrient homeostasis when fully active (Co-
hen and Kajimura 2021). Thermogenic WAT remodeling
is triggered by p-adrenergic (PAR) signaling and involves
notable alterations in the immune cell composition of
the tissue microenvironment (Shamsi et al. 2021). The
full array of cold-responsive cell types in WAT that drive
this thermogenic tissue remodeling remains undefined.
Murine inguinal iWAT (iWAT) harbors hierarchical
mesenchymal adipocyte precursor cell (APC) subpopula-
tions (Burl et al. 2018; Schwalie et al. 2018; Merrick et al.
2019; Shao et al. 2021). Two distinct subpopulations of
PDGFRB+ APCs can be separated and isolated based on ex-
pression of dipeptidyl peptidase 4 protein (DPP4). DPP4+
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APCs represent multipotent mesenchymal progenitors,
whereas DPP4— APCs are further differentiated and repre-
sent committed preadipocytes (Merrick et al. 2019).
PDGFRp+ APCs undergo beige adipocyte differentiation
after prolonged cold exposure (2 wk at 6°C); however,
during the first week of cold challenge, PDGFRB+ APCs
do not appear to give rise to appreciable amounts of beige
adipocytes (Vishvanath et al. 2016). Here, we tested the hy-
pothesis that APCs contribute to the early stages of ther-
mogenic iWAT remodeling independent of their intrinsic
differentiation capacity. We found that DPP4+ APCsrepre-
sent the principal source of the prothermogenic cytokine,
IL-33, in iWAT, and that 1133 expression in APCs is driven
directly by the BAR-CREB signaling cascade. These data
identify a select subpopulation of iWAT APCs that is
uniquely cold-responsive and serves to couple adrenergic
signaling to immune cell activation to facilitate the early
stages of cold-induced thermogenic remodeling.

Results and Discussion

We hypothesized that APCs contribute to the early stages
of thermogenic iWAT remodeling independent of their ca-
pacity to undergo adipocyte differentiation. To test this,
we first isolated DPP4+ and DPP4— APCs from male
wild-type C57BL/6 mice housed for 1 d at 6°C and imme-
diately performed bulk RNA sequencing (Supplemental
Fig. S1A). Principal component analysis and unbiased hi-
erarchical sample clustering revealed that DPP4+ APCs
from cold-exposed animals were strikingly distinct from
DPP4+ APCs isolated from mice maintained at room tem-
perature (Fig. 1A; Supplemental Fig. S2A). Cold exposure
led to significant changes in expression of 1277 genes in
DPP4+ APCs (fold change > 2; P-value <0.01) (Supplemen-
tal Data Set 1). Remarkably, DPP4— committed APCs
from cold-exposed mice could not be distinguished from
DPP4— APCs from mice maintained at room temperature
(Fig. 1A; Supplemental Fig. S2A) and far fewer significant
changes in gene expression were observed in this subpopu-
lation after cold exposure (Supplemental Data Set 2). Gene
set enrichment analysis identified an enrichment in
mRNA signatures of cell proliferation in DPP4+ APCs fol-
lowing cold exposure (Supplemental Data Set 3). Indeed,
we observed that cold exposure led to an increase in the
numbers of DPP4+ APCs, but not DPP4— APCs (Supple-
mental Fig. S2B). In vitro, both DPP4+ and DPP4— APCs
are responsive to the addition of the p-adrenergic receptor
agonist, isoproterenol (Supplemental Fig. S2C); however,
there are significant differences in how these subpopula-
tions are impacted (Supplemental Fig. S2C). Most of the
genes whose expression levels are elevated in DPP4+
APCs upon isoproterenol treatment are only modestly el-
evated, or unchanged, in DPP4— APCs (Supplemental Fig.
S2C). These data indicate that APC subpopulations differ-
entially respond to cold challenge in vivo and p-adrenergic
receptor activation in vitro.
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Figure 1. Transcriptomic changes in DPP4+ APCs following acute
cold exposure. (A) Principal component analysis (PCA) of transcrip-
tomic data obtained by bulk RNA-seq of DPP4+ PDGFRp+ cells and
DPP4— PDGFRB+ cells isolated from iWAT of animals maintained
at room temperature (22°C) or cold-exposed (CE; 6°C) for 1 day. n=
5 for each group. Each sample (n) represents cells pooled from two
mice. (B) Volcano plot depicting the top 15 up-regulated and top 15
down-regulated genes in cold-exposed DPP4+ cells that encode pre-
dicted secreted proteins. See Supplemental Data Set S4.

Adipose progenitors have the capacity to release secret-
ed factors into the tissue microenvironment (Mahlakoiv
et al. 2019; Rana et al. 2019; Spallanzani et al. 2019;
Shan et al. 2020). Thus, we identified genes encoding pu-
tative secreted proteins among the list of genes regulated
by cold exposure in DPP4+ APCs (Fig. 1B; Supplemental
Data Set 4). qPCR analysis of the most differentially regu-
lated genes in DPP4+ cells confirmed their regulation by
cold exposure (Supplemental Fig. S3A,B). Particularly
noteworthy was the selective expression and regulation
of 1133 in DPP4+ APCs. Interleukin-33 (IL33) is a member
of the IL-1 receptor superfamily of cytokines. Studies of
global 1133 knockout mice revealed that IL-33 is required
during the perinatal period for proper Ucpl mRNA splic-
ing and effective BAT function (Odegaard et al. 2016). In
adult animals, exogenous IL-33 promotes iWAT thermo-
genic remodeling through the activation of ILC2s (Brestoff
etal. 2015; Lee et al. 2015). ILC2s produce methionine—en-
kephalin (MetENK) peptides that act directly on adipo-
cytes to activate Ucpl and promote the emergence of
thermogenic beige adipocytes (Brestoff et al. 2015).
ILC2s also produce type 2 cytokines (e.g., IL-5 and IL-13)
that stimulate the activation of eosinophils and alterna-
tively activated macrophages to promote the browning
of iWAT (Qiu et al. 2014; Lee et al. 2015).
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The precise cellular source of 1133 is tissue-dependent
and includes both epithelial and mesenchymal cell types
(Molofsky et al. 2015). In gonadal WAT, both mesothelial
cells and a subset of perivascular mesenchymal cells rep-
resent principal sources of 1133 expression (Mahlakoiv
et al. 2019; Spallanzani et al. 2019). In iWAT, 1133 expres-
sion has only been pinpointed to a broad pool of stromal
cells (Lee et al. 2015; Rana et al. 2019). The identity of
the precise stromal subpopulations that express 1133 in
this depot has not been resolved and mechanisms control-
ling its expression have not been fully defined. We ob-
served that II33 is expressed at much higher levels
within DPP4+ APCs than observed in DPP4— APCs (Fig.
2A). Further analysis indicated that the main isoform of
1133 mRNA expressed in DPP4+ cells is [133a rather
than I133b (Supplemental Fig. S4A). IL-33 protein expres-
sion is also selective to the DPP4+ APC subpopulation
(Fig. 2B; Supplemental Fig. S4B). Indirect immunofluores-
cence assays revealed the presence of IL-33+ cells within
the iWAT vasculature, consistent with the known locali-
zation of PDGFRp+ perivascular APCs (Supplemental Fig.
S5A). Moreover, we observed IL-33+ cells within the con-
nective tissue surrounding the iWAT depot (reticular
interstitium), a known region where DPP4+ APCs also
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Figure 2. DPP4+ APCs are the principal source of 1133 expression in
iWAT. (A) mRNA levels of 7133 in freshly sorted APCs (n =5). (B) IL-33
expression in cultured APCs. B-ACTIN levels were used as loading
controls. Each lane represents one cell lysate derived from pooled
cells from four mice. (C) mRNA levels of 133 and individual 1133 iso-
forms (I133a and I133b) in freshly sorted DPP4+ APCs from iWAT of
control and Pdgfrb-1133%° mice after doxycycline-containing chow
diet feeding (n=4). (D) 1133 expression in whole iWAT of control
and Pdgfrb-1133%° mice after doxycycline-containing chow diet feed-
ing (n =8 for control; n=9 for Pdgfrb-1133%°). (E) IL-33 levels in whole
iWAT of control and Pdgfrb-1133%° mice after doxycycline-contain-
ing chow diet feeding. Bars represent mean + SEM. (***) P<0.001 by
two-tailed unpaired Student’s t-test.


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348762.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348762.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348762.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348762.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348762.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348762.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348762.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348762.121/-/DC1

reside (Supplemental Fig. S5B; Merrick et al. 2019). We
used flow cytometry and 1133-driven EGFP reporter mice
to examine the selectivity of 1133 promoter activity. Ap-
proximately 79% of DPP4+ PDGFRB+ cells are EGFP+
whereas only ~6% of DPP4— PDGFRp+ cells express
EGFP (Supplemental Fig. S4C). Importantly, >96% of
EGFP+ cells in iWAT are DPP4+ PDGFRp+ cells, suggest-
ing that this subpopulation of APCs represents the pre-
dominant source of IL-33 expression in this depot
(Supplemental Fig. S4D). We tested this genetically using
an inducible mouse model in which 1133 is inactivated spe-
cifically in Pdgfrb-expressing cells in a doxycycline (Dox)-
inducible manner (Pdgfrb™™, TRE-CRE; I1133'xF/loxP
mice; referred to here as “Pdgfrb-II133¥°” mice). Two
weeks of Dox-containing chow diet feeding led to a
>75% reduction in II33 mRNA levels within PDGFRpB+
cells (Fig. 2C). Importantly, 1133 mRNA levels were re-
duced by the same degree when assayed across the whole
depot (Fig. 2D). Moreover, IL-33 protein levels in whole-
tissue lysates were barely detectable when in Pdgfrb-
1133%° mice (Fig. 2E). These data reveal that DPP4+
APCs represent the principal site for 1133 expression with-
in the iWAT depot of adult mice under homeostatic
conditions.

One day of cold exposure induced 1133 expression in
DPP4+ APCs (Fig. 1B). 1133 expression in DPP4+ cells
peaked at 1 d of cold exposure and then began to decline,
with I133a remaining the most abundant of the two iso-
forms (Fig. 3A; Supplemental Fig. S6A). Over the period
examined, 1133 levels in committed DPP4— APCs re-
mained low. I133-driven GFP expression was also selec-
tive to DPP4+ APCs after 1 d of cold exposure (Fig. 3B).
At 2 d of cold exposure, we detected an increase in the pro-
tein levels of full-length IL-33 within whole iWAT (Sup-
plemental Fig. S6B). The temporal pattern of II33
expression within DPP4+ APCs mimics the pattern of
1133 expression observed when assayed across the whole
depot (Fig. 3C). Tissue levels of 1113, a surrogate for ILC2
activation, also followed the same temporal pattern fol-
lowing cold exposure (Fig. 3C). In fact, the frequency of
ILC2s in iWAT also began to increase after 1 d of cold ex-
posure, coincident with the increase in 1133 expression in
DPP4+ APCs (Fig. 3D). We asked whether 1133 expression
in DPP4+ APCs is impacted by higher ambient tempera-
ture. Adult mice raised at 22°C were moved into 30°C
housing chambers for 6 wk. As expected, thermoneutral
housing leads to strong reduction in iWAT Ucpl expres-
sion (Supplemental Fig. S6C). This correlates with a re-
duction in I133 levels in whole tissue and selectively
within DPP4+ APCs (Supplemental Fig. S6C,D). These
data highlight the temperature sensitivity of DPP4+
APCs and the physiological regulation of 1133 expression
within this specific stromal subpopulation.

BAR signaling is the principal driver of thermogenic
WAT remodeling; therefore, we tested whether 1133 gene
expression within DPP4+ APCs is regulated by this path-
way. One injection of the PAR agonist, isoproterenol, led
to an increase in tissue levels of 1133, coinciding with an
increase in 1133 expression selectively within DPP4+
APCs (Supplemental Fig. S7A,B). Isoproterenol can induce
1133 expression in DPP4+ APCs in a cell-autonomous
manner. Treatment of cultured DPP4+ APCs with isopro-
terenol leads to marked up-regulation of 7133 mRNA lev-
els, whereas the levels of 133 in isoproterenol-treated
DPP4— APCs remain low (Supplemental Fig. S7C). IL-33
protein levels in DPP4+ cell lysates and conditioned medi-
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Figure 3. 1133 expression in DPP4+ APCs is regulated upon acute
cold exposure. (A) 1133 expression in freshly sorted APCs isolated
from adult iWAT depots at room temperature (D =0) or the indicated
days (D) following the onset of cold exposure (CE). n =5 for 0-, 0.5, 1-,
2-, and 4-d CE group, n =4 for 7-d CE group. (B) Flow cytometry anal-
ysis of EGFP expression within APCs of iWAT depots from I133-EGFP
reporter mice maintained at room temperature (RT) or cold-exposed
for 1 or 2 d. Room temperature-housed wild-type (WT) mice were
used as negative control for EGFP expression. (C) mRNA levels of
1133 and the ILC2-derived cytokine I113 in whole iWAT upon 0
(room temperature), 0.5, 1, 2, 4, and 7 d of cold exposure. n=6 for
each group. (D) ILC2 abundance in iWAT following O (room tempera-
ture), 0.5, 1, and 2 d of cold exposure. n=3 for 0 and 0.5 d of cold ex-
posure. n=4 for 1 and 2 d of cold exposure. Bars represent mean +
SEM. (**) P<0.01, (***) P<0.001 by one-way or two-way ANOVA.

um were also robustly elevated in a time-dependent man-
ner upon isoproterenol treatment (Supplemental Fig. S7D,
E). Classical AR signaling involves the activation of pl,
B2, and/or p3 adrenergic receptors (AR}, leading ultimately
to PKA-mediated phosphorylation and activation of the
transcription factor CREB. We found that both Adrb1
(BLAR) and Adrb2 (p2AR) are expressed in DPP4+ and
DPP4— APCs, whereas Adrb3 (P3AR) expression was rela-
tively very low (Supplemental Fig. S7F). Notably, the
B3AR-selective agonist, CL316,243, did not induce 1133
expression (Supplemental Fig. S7C). This suggests that
B1AR and/or p2AR are the principal mediators of isopro-
terenol in these cells. We defined the relative contribution
of PKA signaling and 1 AR and p2AR by treating DPP4+
APCs with isoproterenol in combination with selective
inhibitors. The addition of a PKA inhibitor (H-89) or a
B1/p2 blocker (propranolol) blocked isoproterenol-in-
duced IL-33 (Supplemental Fig. S7G). Importantly, isopro-
terenol-mediated induction of IL-33 is blunted in the
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presence of the Bl adrenergic receptor antagonist (CGP-
20712A), more so than observed when the p2 adrenergic
receptor antagonist (ICI-118551) is applied (Supplemental
Fig. S7G). The data suggest that both receptors mediate
this response; however, it appears that the p1AR is the
principal mediator of isoproterenol-induced IL-33 expres-
sion in these cells.

ChIP-seq of phosphorylated CREB (p-CREB) occupancy
in DPP4+ cells identified numerous genomic regions
bound by CREB in an isoproterenol-dependent manner,
including several elements in proximity to the II33 tran-
scriptional start site (Fig. 4A). ChIP-PCR confirmed these
findings and revealed that p-CREB or CREB occupancy at
three elements containing putative CREB binding sites
was enriched in DPP4+ APCs following isoproterenol
treatment (Fig. 4B; Supplemental Figure S7H). This en-
richment was much greater than observed in DPP4—
APCs. Creb inactivation in DPP4+ APCs strongly sup-
pressed the ability of isoproterenol to induce 1133 ex-
pression (Fig. 4C,D). These data implicate the classical
BAR-CREB signaling pathway as a direct regulator of
1133 expression in DPP4+ APCs. Interestingly, isoprotere-
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n = 4 for each group. Bars represent mean + SEM. (*) P<0.05, (***) P<
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nol induced p-CREB levels to a comparable degree in both
DPP4+ and DPP4— APCs (Supplemental Fig. S7I). This
suggests that the differential response of these two APC
subpopulations is mediated by factors that control CREB
occupancy at 1133, rather than CREB phosphorylation.

Thermogenic iWAT remodeling in global/germline
I133-deficient mice is impaired (Mathis 2016; Odegaard
et al. 2016); however, whether the observed cold-induced
induction of endogenous stromal cell 1133 expression is re-
quired for the initiation of thermogenic WAT remodeling
in adult mice has been unclear. We administered 8-wk-old
control (Pdgfrb™ ™, 11331%P/1XP mice) and Pdgfrb-1133%°
mice Dox chow diet for 4 wk at room temperature to in-
duce 1133 deletion in PDGFRp+ cells. Animals were then
housed for 7 d at 6°C (Supplemental Fig. S8A). Cold expo-
sure did not impact body weight in either control or
Pdgfrb-1133%° mice (Supplemental Fig. S8B); however,
cold exposure differentially imI](:)acted iWAT remodeling
in these animals. In Pdgfrb-1133%° mice, we observed low-
er numbers of ILC2s along with lower tissue mRNA levels
of ILC2-derived 1113, 115, and Penk (encoding methionine—
enkephalin) (Fig. 5A; Supplemental Fig. S8C). This coin-
cides with lower tissue levels of key thermogenic genes,
concomitant higher expression of white adipocyte-en-
riched transcripts, and slightly elevated expression of ex-
tracellular matrix components and inflammatory genes
(Supplemental Fig. S8C-E). Notably, iWAT levels of
UCP1 protein are markedly lower in Pdgfrb-I133%° mice
than observed in controls (Fig. 5B). Analyses of cellular
respiration using explanted whole tissues revealed re-
duced metabolic activity of iWAT from cold-exposed
Pdgfrb-1133%° mice. Both baseline and FCCP-induced res-
piration are markedly lower in iWAT of cold-exposed
Pdgfrb-1133%° mice as compared with controls (Fig. 5C).
Moreover, we observed far fewer multilocular cells within
iWAT of Pdgfrb-1133%° mice as compared with what is ob-
served in iWAT from control mice (Fig. 5D). Notably, in-
jection of MetENK during the cold exposure period at
least partiallg restores thermogenic tissue remodeling in
Pdgfrb-1133%° mice, supporting a role for this ILC2-de-
rived peptide in IL33-mediated beige adipocyte formation
(Fig. 5D; Supplemental Fig. S8F). Together, these data in-
dicate that the ability to activate II33 expression in
iWAT PDGFRp+ cells at the onset of cold exposure is re-
quired for functional ILC2 activation and thermogenic re-
modeling of this tissue.

mRNA levels of the gene encoding interleukin 1 recep-
tor-like 1 (ST2/IL1RL1), the IL-33 receptor, is induced in
DPP4+ APCs upon cold exposure (Fig. 1B; Supplemental
Data Set 1). This raises the possibility that IL-33 may func-
tion in a cell-autonomous manner. Importantly, 7133 inac-
tivation did not impact the intrinsic adipogenic capacity
of DPP4+ APCs (Supplemental Fig. S8G,H). Moreover, pri-
or lineage tracing studies suggest that beige cell recruit-
ment occurring during this 7-d window of cold exposure
does not depend on the de novo differentiation of
Pdgfrb-expressing cells (Vishvanath et al. 2016). Thus, it
is likely that IL-33 functions during this initial period of
cold exposure in a manner independent of any ability to
modulate the adipogenic capacity of PDGFRB+ cells. Nev-
ertheless, we cannot exclude the possibility that IL-33
from DPP4+ APCs acts in an autocrine manner after lon-
ger periods of cold exposure. Furthermore, we detected re-
lease of the full-length form of IL-33 from isoproterenol-
treated DPP4+ APCs, coinciding with an increase in tissue
levels of full-length IL-33 after cold exposure. The cleaved
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Figure 5. 133 inactivation in adult PDGFRp+ cells impairs cold-
induced iWAT remodeling. (A) ILC2 frequency following cold expo-
sure. Control, n=7; Pdgfrb-II33%°, n=4. Bars represent mean +
SEM. (***) P<0.001 by two-tailed unpaired Student’s t-test. (B)
UCP-1 levels following cold exposure. p-ACTIN levels were used as
loading controls. (C) Oxygen consumption of whole iWAT isolated
following cold exposure. Control, n=7; Pdgfrb-1133%°, n=10.
(D)iWAT H&E staining following cold exposure with or without Met-
ENK or vehicle (PBS) treatment. (Top row) 4x magnification. (Middle
row) 10x magnification of boxed regions in the top row. (Bottom row)
20x magnification of boxed regions in the middle row.

form of IL-33 is more active under certain conditions;
however, the full-length form is reported to also be active
and capable of activating ST2 (Liithi et al. 2009). Addition-
al studies will be needed to understand how IL-33 protein
is released from cells under these conditions.

The phenotype of Pdgfrb-1133%° mice aligns well with
the model proposed by Brestoff et al. (2015) They postulat-
ed that IL-33’s critical function in cold-induced thermo-
genesis is to promote the accumulation of ILC2s, which
mediate beige adipocyte biogenesis through the produc-
tion of methionine-enkephalin peptides (Brestoff et al.
2015). Our data add to this model by indicating that
cold-responsive DPP4+ APCs are the principal source of
IL-33 in iWAT, and that B-adrenergic signaling acts
directly on these cells to drive 1133 expression via a
CREB-dependent mechanism. As such, this distinct
APC subpopulation serves to relay signals from the ner-
vous system to immune cells in an effort to facilitate rapid
adaptation to cold challenge. We show here at IL-33 repre-
sents one key factor derived from DPP4+ cells that affects
thermogenic remodeling. Additional progenitor-derived

Immune cell regulation by adipocyte precursors

factors that promote or inhibit the thermogenic plasticity
of WAT in adults may exist. Unraveling the intercellular
communication mediating these natural adaptions to
cold challenge may reveal novel therapeutic strategies to
promote beige adipocyte biogenesis and metabolic health
in obesity.

Materials and methods

Study approval

Animal experiments were performed according to procedures approved by
the University of Texas Southwestern Institutional Animal Care and Use
Committee. The origins and descriptions of each strain and diet used are in
the Supplemental Material.

Histology

H&E staining was performed on 4% paraformaldehyde-fixed paraffin-em-
bedded tissues. Indirect immunofluorescence was performed as previously
described (Shao et al. 2018). See the Supplemental Material for details re-
garding tissue fixation and antibodies.

Gene expression analysis

qPCR was performed as described (Hepler et al. 2018). See Supplemental
Table S1 for primer sequences. Bulk RNA-seq libraries were assembled
as described (Shan et al. 2020). See the Supplemental Material for addition-
al details.

ChIP

ChIP was performed as described (Shan et al. 2020). DPP4+ APCs were
treated with 10 pM isoproterenol (Sigma 16504) for 4 h prior to cross-link-
ing. Details regarding antibodies, library preparation, and ChIP-seq analy-
sis are in the Supplemental Material.

Western blotting

Protein extracts from cultured cells or tissues were prepared by homo-
genization in RIPA lysis buffer and resolved by SDS-PAGE. Primary anti-
bodies were incubated with membranes at 4°C, and IR dye-coupled
secondary antibodies (LI-COR) were used for visualization by the LI-
COR Odyssey infrared imaging system (LI-COR). Details regarding the pri-
mary antibodies used are in the Supplemental Material. Uncropped West-
ern blots are in Supplemental Data Set S5.

Cellular respiration

Cellular respiration was measured using a Seahorse XFe24 extracellular
flux analyzer (Agilent) as described previously (Shao et al. 2016). See the
Supplemental Material for additional details.

Statistics, reproducibility, and data availability

Statistical analysis was carried out as indicated in the figure legends. Exact
P-values, sample sizes, and numbers of repetitions are in Supplemental
Data Set S6. RNA-seq and ChIP-seq data have been deposited to Gene Ex-
pression Omnibus (accessions GSE165974, GSE169669, and GSE169672).
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